ABSTRACT Multichannel cognitive radio (CR) has been proposed to improve system throughput by selecting multiple idle subchannels for transmissions. However, these idle subchannels are often noncontinuous, which cannot be utilized by the traditional access models, such as orthogonal frequency division multiplex and multicarrier code division multiple access. In this paper, a CR system based on transform domain communication system has been designed to access the non-continuous spectrum, which detects the spectrum status by energy detection and marks the spectrum availability as a spectrum marker vector. A basis carrier generated from the spectrum marker vector may concentrate the power on the idle subchannels. The bit error rate of the CR system is analyzed both in the cases of spectrum inconsistency and multiple access. The transmission data is modulated on the basis carrier using binary modulation and cyclic code shift keying modulation. A system optimization unit is designed to improve the system throughput by jointly optimizing sensing threshold and transmission power of each subchannel. The simulation results have shown that the proposed CR system may outperform the spread spectrum system and achieve larger throughput through performance optimization.
I. INTRODUCTION
For recent years, cognitive radio (CR) has been proposed to improve the utilization of limited spectrum resources through accessing the idle channels opportunistically [1] . However, CR is not allowed to cause any harmful interference to a primary user (PU) who has priority to use the spectrum. Thus, it is necessary for the CR to sense the absence of the PU before any available spectrum access [2] - [5] . Energy detection is widely used as an effective spectrum sensing method in CR, which can make a decision on the spectrum availability by comparing the energy statistic of the received signal to a predefined threshold [6] , [7] . False alarm probability and detection probability are used to measure the performance of energy detection. Reducing false alarm probability may increase the spectrum access of the CR, while improving detection probability will decrease the interference to the PU.
However, the false alarm probability may increase as the detection probability improves, thus, it is very important to seek a tradeoff between these two probabilities by selecting an appropriate sensing threshold [8] - [10] .
Multichannel CR has been proposed to improve the system throughput, which may select multiple idle subchannels for transmissions in case of any communication interruption caused by spectrum handoff [11] . Since these subchannels are often non-continuous, the traditional multichannel access modes, such as orthogonal frequency division multiplex (OFDM) and multicarrier code division multiple access (MC-CDMA), cannot be used for the CR to access the non-continuous spectrum [12] , [13] . Transform domain communication system (TDCS) has been proposed to support non-continuous spectrum access through spectrum bin nulling. In the TDCS, a basis carrier for data modulation can be generated according to the spectrum estimation, which can adaptively change with the varied spectrum environment [14] . Moreover, the TDCS can be adopted as a proactive antijammer communication mode, when some frequency bands are disturbed by the PU signals [15] .
Based on the TDCS, we have designed transmitter and receiver of a multichannel CR system. The contributions of the paper are listed as follows
• We have designed a multichannel CR system accessing non-continuous idle spectrum. The spectrum status is detected by energy detection and the subchannel availability is marked as a spectrum marker vector. A basis carrier for data modulation is generated from the spectrum marker vector, whose frequency domain concentrates the power on the idle subchannels. Binary modulation and cyclic code shift keying (CCSK) modulation are used to modulate the data on the carrier for transmissions.
• The bit error rate (BER) of the system with binary modulation and CCSK modulation are analyzed, respectively. The BER under spectrum inconsistency is given to indicate the impact on the system performance caused by the spectrum environment difference between the receiver and the transmitter. While the BER under multiple access is described to show the interference effect between the CR systems.
• A system optimization unit is designed to improve the system throughput through jointly optimizing sensing threshold and transmission power of each subchannel. An optimization problem is formulated to maximize the system throughput subject to the constraints of false alarm probability, detection probability and total power. A joint optimization algorithm based on alternating direction optimization (ADO) is proposed to obtain the solutions to the optimization problem. The rest of the paper is organized as follows. Section II describes the CR system model based on the TDCS and then analyzes the BER of the system. Section III presents the system optimization and formulates a joint optimization problem about sensing threshold and transmission power. The system performance is simulated and discussed in Section IV. Finally, the conclusions are drawn in Section V.
II. SYSTEM MODEL
A multichannel CR system covering N subchannels is considered, which can transmit data when the absence of the PU is detected in the subchannels. Energy detection is commonly used to sense the PU through comparing the energy statistic of the PU signal to a preset threshold. Since the PU appears in the subchannel randomly, the available subchannels are often non-continuous and changed dynamically. Thus, the traditional OFDM system cannot be used in CR due to the non-orthogonality of the non-continuous subchannels. In addition, the dynamic changes of the idle subchannels will alter the transmission waveform of the CR system and thus lead to the communication instability [16] - [19] . In order to solve this problem, a novel CR system based on adaptive waveform transmission has been proposed, in which the carrier waveform is dynamically generated according to the current idle spectrum status and changed with the channel variations. 
A. CR TRANSMITTER
As shown in Fig. 1 , the transmitter of the proposed CR system firstly performs spectrum sensing by energy detection. In each subchannel, the energy statistic of the received signal is achieved by power accumulation, which is then compared with a preset threshold for getting a decision on the occupancy status of each subchannel. If the subchannel is busy, the spectrum is marked as '0', denoting the unavailability of the subchannel; otherwise, the spectrum is marked as '1', indicating the availability of the subchannel. Then we can get a binary spectrum marker vector A(ω) as
where ω denotes the subchannel frequency and the element A n = {0, 1} for n = 1, 2, . . . , N . The sensing thresholds of N subchannels are selected from the system optimization unit. The pseudo-random phase of the spectrum is generated by a m sequence, to ensure that the transmission signal has noise-like property and causes less interference to the PU. The pseudo-random phase vector e jθ (ω) is denoted as follows
where L = 2 r denotes the length of the m sequence and m n is a random number within 0 to L − 1. The spectrum occupancy vector is given by
where '•' indicates the vector inner product. To ensure that the transmission power of each symbol is less than the maximal power, p max , we define the power allocation vector C(ω) as follows
where p n ≥ 0 and
Note that p n = 0 when A n = 0. To achieve a larger throughput, C(ω) is optimized by the system optimization unit. Hence, the frequency domain vector of the basis carrier is given as follows
Then the time domain of the basis carrier is obtained by doing the inverse discrete Fourier transform (IDFT) of B(ω) as follows
The data S i is modulated on the basis carrier b(t) for transmissions. There are two kinds of modulation modes as follows
• binary modulation: supposing S i as binary data such as 0 or 1, the modulated transmission signal of the CR system is given as follows
• CCSK modulation: defining S i as M -ary data, the highorder modulated transmission signal of the CR system is given by
where
. Instead of modulating data on the basis carrier directly, we can modulate data in the frequency domain of the carrier and then do IDFT.
The buffer is used to store the basis carrier, which will supply the same basis carrier until the spectrum environment changes. If the spectrum environment alters, the new basis carrier will be generated and stored in the buffer. 
B. CR RECEIVER
The CR receiver is designed as shown in Fig. 2 , which uses the same spectrum sensing method and m-sequence generator as the transmitter. The spectrum marker vector in the receiver is denoted by A (ω). Then the receiver can generate the locally synchronous carrierb(t) from the same spectrum occupancy vector as the transmitter. For binary modulation, we compare the correlation value z of the received signal r(t) and the reference carrierb(t) to a threshold λ. If z ≥ λ, we judgeŜ i = 1, otherwise, we determineŜ i = 0. While for CCSK modulation, we get M reference signalsb j (t) by shiftinĝ b(t) with the phase jN M for j = 1, 2, . . . , M − 1, and select the peak position j of the correlation value z j (t) = T r(t) ×b * j (t)dt as the estimated dataŜ i .
C. PERFORMANCE ANALYSIS
If the reference carrier generated in the receiver is exactly the same as the basis carrier in the transmitter, there will be no error in correlation calculation. In additive white Gaussian noise (AWGN) channel, the perfect BER of the CR system with binary modulation is given by
where E b is the symbol power, N 0 is the power spectral density of the AWGN, and the function Q(x) is given by
Supposing R as transmission rate, we have
R . For D-ary CCSK modulation, the BER is given by
However, the idle subchannels around the transmitter and the receiver are sometimes different, which yields that A(ω) and A (ω) are not same. Defining the number of the different elements in A(ω) and A (ω) as ξ , the spectrum estimation accuracy is denoted by
Hence, the BER of the CR system under the spectrum inconsistency is given as follows
Hence, the system performance can be guaranteed only when the spectrum estimation of transmitter and receiver is completely same. The transmitter can send the spectrum estimation information through a common channel to improve the sensing accuracy in the receiver. The absence of the PU cannot be detected accurately due to the noise. Supposing that the power of the PU symbol is E p and the detection probability is P d , the BER with the miss detection is given by
In multiple access, there is multi-user interference between the CR systems. Supposing that the number of the users is K and the desired received signal isb 1 (t), the correlation VOLUME 6, 2018
interference caused by the signals from the other uses, such asb j (t) for j = 2, . . . , K , is given as follows
where 1j (0) is the cross-correlation value ofb 1 (t) andb j (t), which is given by
A 1n A jn cos θ 1n − θ jn (16) where A 1n , A jn , θ 1n and θ jn for n = 1, 2, . . . , N are the elements in A 1 (ω), A j (ω), θ 1 (ω) and θ j (ω), respectively. The BER is given by
III. SYSTEM OPTIMIZATION
In the CR system, sensing threshold and transmission power of each subchannel influence the system performance. The sensing threshold decides the spectrum sensing performance, whose optimization can increase the spectrum access of the CR. While the transmission power decides the transmission rate, whose optimization can improve the throughput [20] - [23] . To maximize the throughput of the CR, the system optimization unit is responsible for jointly selecting optimal sensing threshold and transmission power for each subchannel.
The spectrum sensing for subchannel n is performed by energy detection, which can be seen as a binary hypotheses problem as follows
where y n (t) is the sensing signal, s n (t) is the PU signal and u n (t) is the AWGN with the power spectral density N 0 ; H 0 and H 1 denote absence and presence of the PU, respectively. The energy statistic is achieved by accumulating sample energy as follows
where V is the number of the signal samples. Since y(1), y(2), . . . , y(V ) are independent and identically distributed, according to the Central Limit Theorem, when V is large enough, E n obeys the Gaussian distribution as follows
where (a, b) indicates the Gaussian distribution with mean a and variance b, γ n is the sensing signal to noise ratio (SSNR) in subchannel n and W is subchannel bandwidth. Then false alarm probability and detection probability for subchannel n can be calculated, respectively, as follows
where λ n is the sensing threshold. From (21), λ n can be denoted by P n f and P n d , respectively, as follows
False alarm probability and detection probability reflect different performance of the CR. Lower false alarm probability may increase the spectrum access of the CR, while higher detection probability may cause less interference to the PU. The CR can access the spectrum when the absence of the PU is detected. The data transmission of the CR system can be performed in the following two cases [24] , [25] • If subchannel n is detected to be idle accurately, the CR can transmit data effectively with the probability 1 − P n f . The perfect throughput R n 1 is given by
where h n is the subchannel gain.
• If the idleness of subchannel n is determined falsely, the CR will also transmit data but cause harmful interference to the PU. The interfering throughput is given by
We expect to improve the perfect throughput while decreasing the interfering throughput over N subchannels. Thus, we can maximize the gap between R 1 = N n=1 R n 1 and R 2 = N n=1 R n 2 by jointly optimizing sensing thresholds and transmission powers of N subchannels, subject to the constraints of false alarm probability, detection probability and total power. The optimization problem is formulated as follows
where α and β are the upper bound of false alarm probability and the lower bound of detection probability, respectively. To ensure enough sensing performance, we set 0 ≤ α ≤ 0.5 and 0.5 ≤ β ≤ 1. Problem (26) is a mixed-variable optimization problem, which is hard to be solved directly. We divide problem (26) into two subproblems and obtain the optimal solution using the ADO [26] . Fixing {p n }, the constants W log 1 + (26) is simplified to an optimization problem of {λ n } as follows
Proposition 1: Problem (27) is a convex optimization problem.
Proof: See Appendix A.
∂λ n = 0 for n = 1, 2, . . . , N , which is calculated as follows
With the constraints P n f (λ n ) ≤ α and P n d (λ n ) ≥ β, from (23), we can calculate the upper bound and the lower bound of λ n , respectively, as follows
Thus, the optimal solutions to problem (27) is given as follows
Then fixing {λ n } = {λ * n }, the constants 1 − P n f (λ n ) W and 1 − P n d (λ n ) W are denoted as κ 1 and κ 2 . Problem (26) becomes the optimization problem of {p n } as follows
By applying Karush-Kuhn-Tucker (KKT) conditions in the standard Lagrange method [27] , the Lagrange function of (32) is given by
where ζ is the parameter ensuring N n=1 p n = p max . Then the problem (32) is rewritten as follows
The subgradient-based method is used to minimize (ζ ) with guaranteed convergence. The subgradient is given by
Hence, we can update ζ as follows
where µ (t) > 0 is the step size. Commonly, µ (t) is within 0 to 1. If µ (t) is large, the calculation accuracy will decrease, while if µ (t) is small, the iteration number will increase. When ζ is convergent, we can get ζ = 0 indicating N n=1 p n = p max . Fixing ζ , the optimal solutions to (32) is given by
where ζ is achieved using the subgradient-based method as shown in Algorithm 1.
Algorithm 1 Subgradient-Based Method 1. initialize no-negative values ζ and µ. 2. repeat 3. with given ζ , calculate the optimal power allocation {p * n } defined in (37); 4.
update ζ by (36); 5. until ζ converges.
Fixing {p n } = {p * n }, we optimize {λ n } again. Using the ADO, {p n } and {λ n } are optimized alternately until both of them are convergent. The joint optimization algorithm of sensing threshold and transmission power is described in VOLUME 6, 2018 set t = t + 1; 6. until both {p (t) n } and {λ
Algorithm 2. The value of U is non-decreasing within each iteration of this algorithm, which is indicated by
Thus, U is globally convergent when both {p (t) n } and {λ
We suppose the converge precision as
Since the Algorithm 2 ends when both {p n } and {λ n } are convergent, the iteration complexity of the joint optimization algorithm is given by O 1 δ 2 .
IV. SIMULATIONS AND DISCUSSIONS
In the simulations, the number of the subchannels N = 16, the number of the sensing signal samples V = 100, the length of m sequence L = 16, the subchannel bandwidth W = 1KHz, and the power spectral density of the noise N 0 = 10 −6 W/Hz. The spread spectrum system adopts the same m sequence to generate the spread code. The channel obeys the Rayleigh distribution with the mean of −5dB. BER comparison between CR system and spread spectrum system. Fig. 3 compares the BER between the CR system and the spread spectrum system. It is seen that as the PU signal to noise ratio
increases, the BER of the spread spectrum system increases obviously, while that of the CR system keeps almost invariable. Thus, the CR system can suppress the interference caused by the PU effectively, through setting the transmission power in the busy subchannel as 0. Fig. 4 shows the BER comparison among different modulation modes, such as binary modulation, 4-ary CCSK, 8-ary CCSK and 16-ary CCSK. The 16-ary CCSK can achieve the lowest BER, which indicates that the high-order modulation can improve the system performance. Fig. 5 compares the BER with the spectrum estimation accuracy ρ = [100%, 80%, 50%, 20%]. It is seen that the best system performance can be obtained when the spectrum estimation is completely accurate, i.e. ρ = 100%. Otherwise, the CR system will access the spectrum at the presence of the PU and suffer the interference caused by the PU signal. Fig. 6 compares the BER with the detection probabilities P d = [0.9, 0.8, 0.7, 0.6]. It is seen that the system performance will improve with the increasing of the detection probability, because the idle subchannel can be detected more accurately with higher detection probability. by the other users may decrease the system performance obviously in multiple access. Fig. 8 compares the gap between the perfect throughput R 1 and the interfering throughput R 2 , with different system parameter settings including joint parameter optimization, identical threshold and identical power. It shows that a larger throughput gap can be obtained, using the proposed joint optimization algorithm to allocate threshold and power according to the subchannel SNR. Fig. 9 compares the perfect throughput and the interfering throughput with different parameter settings, respectively. It indicates that through the joint optimization, the maximal perfect throughput can be achieved, while the interfering throughput only increases slightly. Fig. 10 shows the false alarm probability and the power of each subchannel, respectively. It indicates that more power is allocated to the subchannel with lower false alarm probability. Thus, the throughput of the CR system can be improved through using larger power to occupy the subchannel with higher access opportunity.
V. CONCLUSIONS
In this paper, we have designed a multichannel CR system to access the non-continuous idle spectrum. A basis carrier is generated by marking spectrum availability, which can concentrate the power on the idle subchannels. The data is modulated on the carrier for transmissions. A system optimization unit is designed to improve the system throughput, which is formulated as an optimization problem to maximize the throughput by jointly optimizing sensing threshold and transmission power. Through the simulations and discussions, we have got the following conclusions
• The CR system can suppress the interference caused by the PU effectively through setting the transmission power in the busy subchannel as 0.
• The system performance can be improved using the high-order modulation and decreased due to the spectrum inconsistency. Meanwhile, the system performance can be improved with the increasing of the detection probability and decreased with the growing of the access users.
• Through designing the system optimization unit, the maximal perfect throughput can be achieved, while the interfering throughput only increases slightly.
APPENDIX PROOF OF PROPOSITION 1
From (21) and (22), we take the secondary-order derivatives of P n f (λ n ) and P n d (λ n ) in λ n , respectively, as follows
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From P n f (λ n ) ≤ α ≤ 0.5 and P n d (λ n ) ≥ β ≥ 0.5, we can obtain N 0 W ≤ λ n ≤ (1 + γ n )N 0 W , and thus have ≤ 0. Hence, 1 − P n f (λ n ) and 1 − P n d (λ n ) are convex and concave functions, respectively, which indicates that the objective function of problem (27) is convex.
